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Abstract 
Polymer electrolyte membrane fuel cells (PEMFCs) among other fuel cells are considered the 
best candidate for commercialization of portable and transportation applications because of 
their high energy conversion and low pollutant emission. Recently, there has been significant 
interest in high temperature polymer electrolyte membrane fuel cells (HT-PEMFCs), due to 
certain advantages such as simplified system and better tolerance to CO poisoning. Cost, 
durability and the reliability are delaying the commercialization of PEM fuel cell technology. 
Above all durability is the most critical issue and it influences the other two issues. 
The main objective of this work is to study the durability of membrane electrode assemblies 
(MEAs) for HT-PEMFC. In this study the investigation of commercial MEAs was done by 
evaluating their performance through polarization studies on a single cell, including using 
pure hydrogen and hydrogen containing various concentrations of CO as fuel, and to study 
the performance of the MEAs at various operating temperatures. The durability of the MEAs 
was evaluated by carrying out long term studies with a fixed load, temperature cycling and 
open circuit voltage degradation. 
Among the parameters studied, significant loss in the performance of the MEAs was noted 
during temperature cycling. The effect of temperature cycling on the performance of the cell 
showed that the performance decreases with increasing no. of cycles. This could be due to 
leaching of acid from the cell or loss of electrochemically active surface area caused by Pt 
particle size growth. For example at 160
o
C, a performance loss of 3.5% was obtained after 
the first cycle, but after the fourth cycle a huge loss of 80.8% was obtained. The in-house 
MEAs with Pt-based binary catalysts as anodes were studied for CO tolerance, performance 
and durability.  
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A comparison of polarization curves between commercial and in-house MEAs illustrated that 
commercial MEA gave better performance, obtaining 0.52 A/cm
2
 at 0.5V and temperature of 
160
o
C, with in-house giving 0.39A/cm
2
 using same parameters as commercial. The CO 
tolerance of both commercial and in-house MEA was found to be similar. In order to increase 
the CO tolerance of the in-house MEAs, Pt based binary catalysts were employed as anodes 
and the performance was investigated.  
In-house MEAs with Pt/C and Pt-based binary catalysts were compared and a better 
performance was observed for Pt/C than Pt-alloy catalysts with Pt-Co/C showing comparable 
performance. At 0.5 V the performance obtained was 0.39 A/cm
2
 for Pt/C, and 
0.34A/cm
2
,0.28A/cm
2
,0.27A/cm
2
 and 0.16A/cm
2
 were obtained for Pt-Co/C, Pt-Fe/C, Pt-
Cu/C and Pt-Ni respectively. 
When the binary catalysts were tested for CO tolerance, Pt-Co showed no significant loss in 
performance when hydrogen containing CO was used as anode fuel. Scanning electron 
microscopy (SEM) revealed delamination between the electrodes and membrane of the tested 
and untested MEA‘s. Membrane thinning was noted and carbon corrosion was observed from 
the tested micro-porous layer between the gas diffusion layer (GDL) and catalyst layer (CL). 
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CHAPTER 1: Literature Review 
Chapter 1: Literature review: Durability analysis of the membrane electrode assembly for 
high temperature polymer exchange membrane fuel cells. 
 The literature review focuses on the discussion of high temperature PEM fuel 
cell, its operation and general principles. Durability of PEM fuel cell is 
discussed, as well as degradation of membrane electrode assembly 
components and accelerated stressors that are applied to the fuel cell to 
determine the durability. This chapter is concluded by a discussion on CO 
investigation in PEM fuel cell.      
1.1. Background to Fuel Cell Technology 
Currently humankind mainly uses the heat engines such as steam turbines and internal 
combust engines, which combust non-regenerated fossil fuels (coal, crude oil, natural gas, 
etc) to generate the useful power. The energy efficiency of heat engines is low due to the 
limitation of Carnot cycle.  The combustion of non-generated fossil fuels has resulted in 
severe pollution due to pollutant emissions which includes CO, SOx, NOx and other 
contaminants [1]. The combustion of non-generated fossil fuels also contributes significantly 
to the increase of greenhouse gas (CO2) concentrations in the atmosphere, which intensify the 
prospect of global warming and threaten the existence of human beings on earth. In addition 
to the low efficiency and environmental concerns, the non-generated fossil fuel reserves on 
the planet are also limited. The limited amount of non-generated fossil fuels, increasing 
demand for energy and environmental concerns has driven the development of renewable 
energy sources as alternatives to non-generated fossil fuels and new energy conversion 
technologies that should be more efficient with minimal or no pollutant emissions and also 
compatible with the renewable energy sources for sustainable development [2]. Hydrogen 
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represents an alternative energy source to the non-generated fossil fuels. Fuel cells, an energy 
conversion technology converting chemical energy directly into electrical energy, meets the 
requirements for its high energy efficiency and environmental sustainability, offering other 
characteristics such as: 
 High selectivity 
 Good mechanical properties 
 High power densities 
 Cheap fuels which are easy to store, transport and distribute 
 and Low temperature operation 
When fuel cells use the hydrogen created form renewable energy sources such as solar, wind 
and power the only by-product is water and there are no pollutant emissions. Fuel cells can 
provide electrical power that can be used to a variety of applications where local electricity 
generation is needed. Fuel cell applications may be classified as being either mobile or 
stationary applications. They are powering cars, buses, boats, trains, planes, scooters and 
even bicycles as mobile applications [3].The interest in fuel cells will be understated if all the 
large car manufacturers have a FC car, either assembled in pilot scale or in the production 
line, and they plan to launch it before 2015 (Fig 1.1, an example of FC car). 
 
Figure 1.1 Fuel cell car by Daimler Chrysler [4] 
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The primary stationary application of fuel cell technology is for the combined generation of 
electricity and heat, for buildings, industrial facilities or stand-by generators. There are some 
differences in requirements for automotive and stationary fuel cell systems, for example, size 
and weight requirements are very important in automobile application but not so significant 
in stationary applications [5]. 
Basics: A fuel cell consists of two electrodes separated by an electrolyte. With the help of 
electrocatalysts, fuel and oxidant are combined to produce electricity as shown in figure 1.2. 
When hydrogen is used as fuel in fuel cells on the anode side it splits into ions on the anode 
side (negatively charged electrode). Oxygen is the usual oxidizing reactant of the fuel cell. 
The reduction of the oxygen occurs on the cathode side (positively charged electrode). 
 
Figure 1.2 Fuel Cell diagram [6] 
The reactant fuel is stored outside and fed into electrodes only when electricity is required. 
Continuous electricity production can be achieved by continuous feeding the fuel to the cell. 
Fuel cells are generally categorized by their electrolyte that is the material sandwiched 
between the two electrodes. The characteristics of this material determine the optimal 
operating temperature and the fuel used to generate electricity. Each comes with its particular 
set of benefits and shortcomings. Five types of fuel cells have been under active 
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development, and they are phosphoric acid fuel cell (PAFC), solid oxide fuel cell (SOFC), 
molten carbonate fuel cell (MCFC), alkaline fuel cell (AFC) and polymer electrolyte 
membrane fuel cell (PEMFC). In addition to the five primary fuel classes, there are two more 
classes of fuel cells that are not distinguished by their electrolyte. These are direct methanol 
fuel cell (DMFC), distinguished by the type of fuel used, and the regenerative fuel cell (RGF) 
distinguished by its method of operation. The differences of the fuel cell types can be 
summarized as in Table 1.1.The major differences of the fuel cell types are based on the 
electrolyte used, the operating temperature, the charge carrier, the requirement of an external 
reformer, the prime cell components, and the catalyst used, water and heat management [7]. 
Table1.1.Main differences of fuel cell types [8] 
 PEMFC AFC PAFC MCFC SOFC 
Electrolyte Ion 
exchange 
Membranes 
Mobilized or 
immobilized 
potassium 
hydroxide 
Immobilized 
liquid 
phosphoric 
acid 
Immobilized 
liquid 
molten 
carbonate 
Ceramic 
Operating 
temperature 
80
o
C  65-220
o
C 205
o
C 650
o
C 600-800
o
C 
Charge 
Carrier 
H
+
 OH
-
 H
+ 
CO3
- 
O
-
 
Prime 
Cell 
components 
Carbon 
based 
Carbon 
based 
Graphite 
based 
Stainless 
based 
Ceramic 
Catalyst Pt Pt Pt Ni Perovskites 
Product 
water 
management 
Evaporative Evaporative Evaporative Gaseous 
Product 
Gaseous 
Product 
 
Among the types of fuel cells; proton exchange membrane (PEM) fuel cells technology has 
drawn the most attention because of its simplicity, viability, pollution free operation and 
quick start up [9]. It is also a serious candidate for automotive applications. High temperature 
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application of a proton exchange membrane fuel cell (PEMFC) can be obtained from 
polymers with high glass transition temperatures such as polybenzimidazole (Ma, 2004). 
Among various types of alternative high temperature polymer electrolyte membranes which 
are developed so far, phosphoric acid doped polybenzimidazole (poly [2,2-m-phenylene)-5,5-
bibenzimidazole]; PBI) was reported as one of the most promising candidate. 
1.2 Proton exchange membrane fuel cells 
Proton exchange membrane fuel cells are also known as ion exchange membrane fuel cells 
(IEMFCs), solid polymer (electrolyte) fuel cells (SPEFCs) and polymer electrolyte 
membrane fuel cells (PEMFCs) [10]. 
1.2.1. Principles of Proton Exchange Membrane Fuel Cells 
The proton exchange membrane also known as polymer electrolyte membrane (PEM) fuel 
cell uses a polymeric electrolyte. The proton conducting polymer forms the heart of the cell. 
The electrodes are made of porous carbon with catalytic platinum incorporated into them, are 
bonded to either side of the electrolyte to form a membrane electrode assembly (MEA). 
The conversion of chemical energy to electrical energy in a PEM fuel cell occurs through a 
direct electrochemical reaction. The reaction is non-combustible. The purpose of the 
membrane is to conduct hydrogen ions (protons) and separate either gas to pass to the other 
side of the cell [11]. A schematic representation of a PEM fuel cell is shown in figure 1.3 
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Figure 1.3 Diagram of PEM fuel cell principle [12] 
Unlike in a conventional battery, the fuel and oxidant which in this case are hydrogen and air 
are supplied to the device from external sources. The device can thus be operated as long as 
the fuel and oxidant are supplied. As seen in figure 1.3 on one side of the cell the hydrogen is 
delivered through the flow field channel of the anode plate to the anode. On the other side of 
the cell, oxygen from the air is delivered through the channelled plate to the cathode. At the 
anode, the hydrogen molecules first come into contact with a platinum catalyst on the 
electrode surface. The hydrogen molecules then break apart bonding to the platinum surface 
forming weak H-Pt bonds. As the hydrogen molecule is broken the oxidation reaction 
proceed with each hydrogen atom releasing its electron which travels around the external 
circuit to the cathode (this flow of electrons is the one referred to as electrical current). The 
remaining hydrogen proton bonds with a water molecule on the membrane surface, forming a 
hydronium ion (H3O
+
).The hydronium ion travels through the membrane material to the 
cathode, leaving the platinum catalyst site free for the next hydrogen molecule [13].  
At the cathode, oxygen molecules come into contact with a platinum catalyst on the electrode 
surface. The oxygen molecules break apart bonding to the platinum surface forming weak O-
Pt bonds and allowing the reduction reaction to proceed. Each oxygen atom then leaves the 
platinum catalyst site combining with two electrons (which have travelled through the 
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external circuit) and two protons (which have travelled through the membrane) to form one 
molecule of water. The redox reaction has been completed. The platinum catalyst on the 
cathode electrode is again free for the next oxygen molecule to arrive [14]. This exothermic 
reaction, the formation of water from hydrogen and oxygen gases, has an enthalpy of about -
286 kJ mol
-1
 of water formed. The free energy available to perform work decreases as a 
function of temperature, for example at 25
o
C and 1 atmosphere, the free energy available to 
perform work is about -237 kJ/mole. This energy is observed as electricity and heat. The 
equations below show the chemical reactions taking place inside the PEM fuel cell [15]. 
 
PEM Fuel Cell: 
Anode reaction: H2   → 2H
+
 + 2e
-
  1.1 
Cathode reaction:    ⁄ O2 + 2e
-
 + 2H
+
 → H2O (l)  1.2 
Overall reaction: H2 +   ⁄ O2  → H2O (l)  1.3 
1.3. Main Components of Proton Exchange Membrane Fuel Cells 
The main components of a PEMFC are as follows: (1) the ion exchange membrane; (2) the 
porous electrodes, which is composed of active catalyst layer (the side facing the membrane) 
and gas diffusion layer GDL (3) gaskets for gas tight seal and electrical insulation; (4) bipolar 
plates that deliver the fuel and oxidant to the reactive sites on both sides. The schematic 
representation of the PEMFC components is shown in Figure 1.4. 
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Figure 1.4 Main components of PEMFC [16] 
 
1.3.1 Membrane Electrode Assembly (MEA) 
The membrane electrode assembly (MEA) is the heart of polymer exchange membrane fuel 
cells (PEMFCs), and determines both fuel cell performance and durability. The MEA 
component materials structure and fabrication technologies play important roles in 
performance improvement and optimization. For example the most important component in 
PEMFCs is the catalyst layers because it is where the electrochemical reactions take place. 
MEA contains an anode gas diffusion layer (GDL) an anode catalyst layer (CL), a proton 
exchange membrane (PEM), a cathode catalyst layer and a cathode gas diffusion layer. An 
ideal MEA would allow all active catalyst sites in the catalyst layer to be accessible to the 
reactant (H2 or O2), protons and electrons and it would facilitate the effective removal of 
produced water from the CL and GDL. 
The MEA must allow all active catalyst sites in the CL to be accessible to the reactants, 
protons and electrons and facilitate the effective removal of produced water from the CL and 
GDL. In summary the processes inside an MEA include [17]: 
 Gas flow through channels  
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 Electron conduction  
 Electrochemical reactions  
 Proton transport  
 Gas diffusion through porous media 
 Water transport through membrane 
 Water transport through porous layers 
 Heat transfer 
1.3.1.1 Electrolyte: Membrane 
Polymer membrane electrolytes usually consist of polymer network. Membranes are proton 
conducting as a result of the functional groups typically acids that are attached onto this 
polymer network for ion exchange. In this sense the main function of the membrane in PEM 
fuel cells is to transport protons from the anode to the cathode. The other functions include 
keeping the fuel and oxidant separated, which prevents mixing of the two gases and to be 
able to withstand harsh conditions, including active catalysts, high temperatures or 
temperature fluctuations, strong oxidants and reactive radicals. Thus for these functions the 
ideal polymer must have excellent proton conductivity, chemical and thermal stability, 
strength, flexibility, low gas permeability, low water drag, fast electrode reactions and low 
cost [18]. 
1.3.1.2. Electrodes 
A fuel cell electrode is the catalyst layer located between the membrane and gas diffusion 
layer (GDL). Electrochemical reactions take place on the catalyst surface known as the Three 
Phase Boundary (TPB) zone. In order for the oxygen reduction reaction (ORR) to occur the 
catalyst particles must be in contact with both electronic and protonic conducting materials, 
and there must be some passages for the transportation of the reactants to the catalytic 
reaction sites as well as paths for the reaction product (H2O) to exit. In a catalyst layer, 
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protons travel through an electrolyte (ionomer) and electrons travel through electrically 
conductive solids including the catalyst itself. Therefore the catalyst particles must be in close 
contact with each other, the electrolyte and the adjacent GDL. The electrode requirement is 
that it must be porous enough to allow the gas to diffuse to the reaction sites and liquid water 
to go out. A diagram of catalyst layer/TPB is shown in figure 1.5 where catalyst, reactants 
and electrolyte meet for electrochemical reactions [19]. 
 
Figure 1.5 Schematic diagram showing the Three Phase Boundary (TPB) zone [20] 
Platinum is considered to be the best catalyst for both the anode and cathode. The platinum 
catalyst is usually formed into small particles and carbon powder that has larger particles acts 
as a supporter for them. A widely used carbon-based powder is Vulcan X72. In this way the 
platinum is highly divided and spread out so that a very high proportion of the surface area 
will be in contact with the reactant, resulting in a great reduction of the catalyst loading with 
an increase in power [21].  
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1.3.1.3 Gas Diffusion Layers 
Gas diffusion layers (GDLs) are one of the most critical components in the PEMFCs. They 
are directly adjacent to the bipolar plates and typically consist of two layers, the microporous 
substrate and a micro-porous layer (MPL). They are constructed from carbon paper or carbon 
cloth. Their function is to diffuse the gas to the catalyst layer. They have a porous nature that 
facilitates the effective diffusion of each reactant gas to the catalyst on the membrane 
electrode assembly. GDL also serves as an electrical connection between the carbon 
supported catalyst and the bipolar plate or other current collectors. GDL also helps in 
managing water in the fuel cell as it carries the product water away from the electrode 
surface.  
GDL is first treated with a hydrophobic polymer such as polytetrafluoroethylene (PTFE). 
PTFE facilitates: (i) gases contact to the catalyst sites by preventing water from flooding 
within the pore volume of the backing layer, (ii) the product water to be removed from the 
cathode and avoids flooding and (iii) the humidification of the membrane by allowing 
appropriate amount of water vapour to pass through the GDL and reach the MEA and thereby 
improving the cell efficiency [22]. 
GDL also provides mechanical support to the MEA by preventing it from sagging into the 
flow field channels. It is also an elastic component of the MEA to handle the compression 
that is needed to establish the contact [23]. 
1.3.1.4 Gaskets 
Gaskets are placed between MEAs and graphite plates to prevent gas leakage and also the 
direct contact between acidic electrolyte and the bipolar plate. They also prevent the electrical 
contact between the fuel cell stack systems. The pressure required to prevent the leak 
between the layers depends on the type of gasket material and that of the design. Various 
materials are used for fuel cell. The requirement for this material is that it must provide 
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excellent heat resistance, must offer superior resistance to many chemicals such as acids and 
also fuels. The most commonly used gasket materials are Teflon, silicone and other thermal 
plastics [24]. 
 
1.3.1.5 Collector plates 
In a single cell the graphite plates acts as collectors conducting electrons and they act as a 
support structure. They are also known as bipolar plates. Their properties follow from their 
functions mentioned below:  
− They are electrically connecting the anode and cathode of the cell thus they 
must be electrically conductive. 
− Their primary function is to supply the reactant gases to the gas diffusion 
electrodes through flow channels, thus they must be impermeable to gases. 
− They must be thermally conductive to conduct heat 
− They must be corrosion resistant in the fuel cell environment [25]. 
The most common material used for bipolar plates in PEMFC is graphite. Steel and copper 
can also be used for bipolar plates [26]. 
1.4 Operation of PEM Fuel Cell 
Operating conditions of PEM fuel cell include gas flow, pressure regulation, and heat and 
water management. High performance of a PEM fuel cell requires maintaining optimal 
temperature, membrane hydration and partial pressure of the reactants [27]. 
1.4.1 Fuel Cell Electrochemistry and Polarization Curve 
The overall fuel cell reaction indicated in Eq. (1.4) is the same as the reaction of hydrogen 
combustion. Combustion is an exothermic process which means that there is energy that is 
released in the process [28]: 
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H2 +   ⁄ O2 → H2O + heat    1.4 
The heat of a reaction is the difference between the heat of formation of products and 
reactants: 
∆H = hf, H2O (l) -hf, H2 (g) -   ⁄ hf,O2(g) = -286 kJ/mol 1.5 
There are some irreversible losses in energy conversion due to creation of entropy. The 
portion of the reaction enthalpy that can be converted to electricity corresponds to Gibbs free 
energy, ∆G, as shown in the equation below. 
∆G = ∆H - T∆S 
The values of ∆G, ∆H and ∆S at 25oC are given in table 1.2 below. 
Table 1.2 Enthalpies, entropies and Gibbs free energy for hydrogen oxidation process at 25
o
C [29] 
 ∆H (kJmol-1) ∆S (kJmol-1 K-1) ∆G (kJmol-1) 
H2 +   ⁄ O2→ H2O (l) 
-286.02 -0.1633 -237.34 
H2 +   ⁄ O2→ H2O (g) 
-241.98 -0.0444 -228.74 
 
For a fuel cell the work is obtained from the transport of electrons across a potential 
difference and the electrical work (J/mol) is described by the following relation. 
W = q E       1.6 
Where E is the cell voltage and q is the charge (coulombs/mol). Total charge transferred in 
fuel cell reaction per mole of hydrogen consumed (q) is expressed as Eq. 1.7 
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q = n Navgqel = n F        1.7 
Where n is the number of electrons transferred that is equal to 2 for hydrogen fuel cells, Navg 
is the Avogadro number (6.02 x 10
23
), qel is the charge of an electron (1.602 x 10
-
19
coloumbs/electron) and F is the Faraday‘s constant (96485 coloumbs/mol.electron). 
So the electrical work can be calculated as (Eq.1.6) [36]: 
W = n F E         1.8 
The work is represented by the Gibbs energy due to the electrochemical reaction:  
W = -∆G         1.9 
So the cell voltage of the system can be calculated as shown in equation 1.10 when pure 
hydrogen and oxygen/air gases were fed at standard conditions 
E = -
  
  
 = 
         
  
   
 
                     
 
   
         
 = 1.23 V    1.10 
The actual fuel cell potential (Vcell) is lower than the theoretical value due to various losses 
(∆Vloss) associated with kinetics and dynamics of the processes, reactants and products. The 
actual potential is described as shown in equation 1.11 where E is the reversible open circuit 
voltage (OCV): 
Vcell = E - ∆Vloss        1.11 
For the operation of a PEM fuel cell the potential is decreased from its ideal value because of 
several irreversible losses. These losses are:  
i. Activation related losses (∆Vact) 
ii. Ohmic losses and (∆Vohm) 
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iii. Mass transport related losses (∆Vconc) 
1.4.1.1 Activation loss (ηact) 
Activation loss is the dominant source of energy losses in fuel cell operation. Its effect is seen 
at low current densities. This loss arises due to the slowness of reactions taking place on the 
surface of the electrodes. There is a proportion of voltage that is lost during chemical reaction 
that transfers the electron to or from the electrode which mainly occurs at the cathode. It is 
the rate limiting reaction [30]. Due to its relationship to reaction rates, the activation 
polarization is also affected by the total active surface area of the catalyst surface. Losses of 
the active catalyst surface area during the operation due to phenomena such as particles 
falling off the electrode backing material or build-up of solid reaction products on the catalyst 
particles are the cause of this activation loss. 
The loss at the cathode from the oxygen reduction reaction (ORR) is due to platinum surface 
area (APt, el), platinum loading (Lca), current and exchange current density (io) as well as the 
fuel cell current (i). 
1.4.1.2 Ohmic loss (ɳohmic) 
Ohmic loss (ηohmic) is due to the resistance to ion flow through the electrolyte membrane and 
the resistance to electron flow through the GDL. It is also due to an increase in contact 
resistances in other electrically conductive fuel cell components. Thus it can be concluded 
that these losses depend on the material selection. ∆Vohm can be expressed by Ohm‘s law 
Equation 1.12 
∆Vohm = iRc       1.12 
Where Rc is the total internal resistance [31]. 
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1.4.1.3 Mass transport loss or concentration loss 
Mass transport losses are losses caused by mass transfer limitation rates of the reactants. 
Under high current densities, the kinetics of the electrode reactions is so high that the 
transport of reactants to the active catalyst sites limits the rate at which the fuel cell can 
operate [32]. 
The polarization curve which represents the cell voltage-current relationship is shown in 
(Figure 1.6) and is the standard figure of the fuel cell performance that also represents the 
losses. 
 
Figure 1.6 Polarization curve for fuel cell with significant losses [33] 
 
 
During the fuel cell operation, the materials characteristics will inevitably change and start to 
degrade, As a result, the fuel cell performance observed by the polarization curve will drop. 
Therefore for a better fuel cell development, an understanding of how the properties change 
with time is important. Thus in this study membrane durability of high temperature PEM fuel 
cell is mainly focused. 
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1.4.2 Effect of Temperature on Theoretical Cell Potential 
The temperature of the cell is an operating parameter that plays an important role in the cell 
operation. The reaction in the fuel cell is exothermal therefore it generates heat as a by-
product. At high temperatures the electrochemical kinetics for both electrode reactions are 
enhanced. The reversible potential (Erev) is very much related to temperature, for the H2/O2 
reaction below 100
o
C the ∆S (entropy) is negative because gases are converted to liquids thus 
Erev decreases with increasing temperature. This effect is less pronounced above 100
o
C when 
the gaseous reactants are converted to gaseous product [34]. 
 
1.5 High temperature Polymer Electrolyte Membrane 
The most successful membrane is the Nafion
®
 membrane in Figure 1.7. This membrane 
offers good performance below 90
o
C under fully hydrated conditions. Also it has good 
chemical and mechanical stability due to the perfluorinated main chain. However the proton 
conductivity of this membrane is dependent on the presence of water to solvate the proton of 
the sulfonic groups. Consequently the operational temperature is limited to below 100
o
C, 
approximately 50-90
o
C. The gases for this membrane need to be well humidified before 
entering the fuel cell. During the operation of the fuel cell, water is produced at the cathode 
from the reduction of oxygen. Water migrates with the proton from the anode to the cathode. 
The excess water at the cathode diffuses back to the anode. The accumulation of excess water 
at the cathode side results in flooding at the cathode, preventing oxygen/air from approaching 
the catalyst and causing mass transfer resistance, meanwhile starvation of water in the anode 
side results in the decrease of conductivity. This is referred to as ‗‘issue of water 
management‘‘ which significantly influences the fuel cell performance [35]. 
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Figure 1.7 Molecular structure of Nafion
®
 [36] 
Thus the operation of PEMFC at high temperature (>120
o
C) is desirable in several ways. The 
reaction kinetics is enhanced and the catalytic activity increases at higher temperatures for 
both electrodes. Another benefit for operating at high temperatures is the reduced poisoning 
effect of the catalysts by fuel impurities for example, carbon monoxide (CO). The poisoning 
effect has shown to be very temperature dependent that is, CO adsorption is less pronounced 
with increasing temperature. Nafion-based PEMFC is poisoned by CO content as low as 20-
50 ppm in the fuel stream resulting in significant loss in the cell performance [37]. 
For a good membrane to be used for high temperature PEMFC, it is required to have the 
following material characteristics: 
 High proton conductivity to support high currents with minimal resistive losses 
 Good thermal stability 
 Good mechanical strength and stability at fuel cell operating conditions 
 Chemical and electrochemical stability at fuel cell operating conditions 
 Good barrier for reactant species (H2, Oxygen/Air, and small organic fuels such as 
methanol) 
 High electrolyte transport, to maintain uniform electrolyte content 
 Low cost 
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Among all high temperature membranes, H3PO4 doped-polybenzimidazole (PBI) membrane 
is the most widely used, showing good characteristics such as, high conductivity, good 
thermal stability and good fuel cell performance at temperatures up to 200
o
C.This membrane 
has a high thermal stability [38]. These are some of the properties that make it a primary 
choice for high temperature PEMFCs. 
Among many possible benzimidazole polymers is a poly (2,5benzimidazole) ABPBI with its 
simplest structure as shown in Figure 1.8 Poly(2.5-benzimidazole) ABPBI is the simplest 
benzimidazole polymer. Compared to PBI this polymer does not contain phenylene ring in 
the polymer backbone. This different structure gives ABPBI a higher affinity towards 
phosphoric acid than PBI. 
 
Figure 1.8 Structures of PBI and ABPBI [39] 
The properties of ABPBI are summarized as follows: Like PBI it has a very high conductivity 
at temperatures up to 200
o
Cunder dry conditions. This conductivity is said to increase with 
humidity and temperature. Since the conductivity is provided by the acid it increases also 
when the acid increases. It also has high thermal stability. It is said to absorb more of the 
phosphoric acid than the PBI. 
In this study the durability of phosphoric acid doped ABPBI membranes are evaluated as the 
high temperature PEM for fuel cells.  
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There are still major remaining challenges that have to be solved before full 
commercialization of PEMFCs which are cost and lifetime (durability). Fuel cells must last 
long enough in order to serve their duties and compete with the conventional energy devices. 
Fuel cells are subject to high temperature, high humidity, flow of fuel and oxidant and strong 
acid or alkaline environment [40]. There are a number of components in the system, 
including the electrolytes, catalyst layers, gas diffusion layers (which comprise the 
membrane-electrode assemblies, MEAs), bipolar plates and current collector plates. In order 
to achieve good long-term performance, it is necessary for all of these components to 
maintain their integrity. 
One of the most important factors limiting the lifetime of PEMFCs is membrane electrode 
assembly (MEA) degradation. 
To improve durability of PEMFC without increasing cost or loosing performance the factors 
that determine a PEMFCs lifetime need to be studied further. The lifetime of PEMFC can be 
reduced by several factors including choice of materials, material composition and operating 
conditions. Important operational conditions that affect performance and life test include fuel 
cell temperature, voltage and current, humidity, pressures and impurities in the oxidant or 
fuel stream [41]. 
1.6 Polymer Electrolyte Membrane (PEM) Fuel Cell Durability 
Durability is one of the most critical remaining issues impending successful 
commercialization of broad PEM fuel cell stationary and transportation energy applications. 
Reliability of power systems based on PEM fuel cells technology is most dependent on 
membrane electrode assembly (MEA) durability, thus it is our main component of study. The 
MEA performance shows degradation over operating time, which is dependent upon 
materials fabrication and operating conditions [42].  
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1.6.1 Membrane electrode assembly degradation 
In PEMFCs the electrochemical energy conversion takes place in the MEA and the MEA is 
therefore more prone to chemical and electrochemical degradation. Several factors can reduce 
the lifetime of a PEMFC, including platinum particle dissolution and sintering, carbon and 
chemical attachment of the membrane. These factors are highly connected to the conditions 
under which the fuel cell is operated. Important operating conditions include fuel cell 
temperature, voltage and current, pressure and humidity [43]. 
1.6.1.1 Carbon Support Degradation 
Although carbon supported catalysts are more stable than non-supported catalyst in 
preventing catalyst agglomeration during cell operation, the degradation can still occur. 
Carbon is said to oxidize at potential near the open circuit voltage of fuel cell (1.0 V), and 
this oxidation rate increases with the potential. Carbon support oxidation has been shown to 
occur during start-up and shut down conditions in polymer electrolyte membrane fuel cells, 
when H2 gas displaces air in the anode compartment after shutdown periods and momentarily 
increases the cathode potential to higher values. At very higher potentials the carbon support 
may corrode completely. The following chemical reaction describes the electrochemical 
oxidation of carbon. 
C   +   2H2O → CO2   +   4H
+
    + 4e
- 
At temperatures of approx. (125-195
o
C) platinum could catalyse the combustion of the 
carbon support, and that net corrosion is more severe in locations where the platinum 
particles reside. This leads to weakened attachment between the platinum particles and the 
carbon support, leading to faster platinum particle agglomeration [44].  
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1.6.1.2 Catalyst Corrosion 
The size of the Pt-based catalyst used in PEMFC is usually in the range of 2-6 nanometers. 
Due to their high specific surface energy these nanoparticles tends to agglomerate into bigger 
particles. As these particles grow their surface energy is minimized. Pt nanoparticle 
agglomeration is accelerated under harsh conditions and this may result in a drop in the 
number of active sites. 
A summary of the major failure modes in PEMFC and their likely causes are presented in 
Table 1.3. In most cases a combination of the inherent reactivity of component materials, 
harsh operating conditions, contamination and poor design/assembly is responsible for the 
onset of degradation. 
Table 1.3 A summary of major failure modes in PEMFCs [45]. 
Component  Failure modes  Causes  
Membrane  Chemical attack  
Conductivity loss  
Delamination from electrode  
Contamination  
Non-uniform distribution of  
reactants/water/coolant  
Mechanical stress  
Drying of membrane  
Thermal stress  
Catalyst layer  Loss of activation  
Decrease in mass transport  
rate of reactants  
Loss of reformate tolerance  
Decrease in control of water 
management  
Sintering of electrocatalyst 
Corrosion of electrocatalyst 
Poisoning  
Mechanical stress  
Contamination  
Dealloying of electrocatalyst 
Change in hydrophobicity of 
materials  
GDL  Decrease in mass transport rate of 
reactants  
Conductivity loss  
Decrease in control of water 
management  
Degradation of backing material  
Mechanical stress  
Corrosion  
Change in hydrophobicity of 
materials  
Bipolar plate  Conductivity loss  
Fracture/deformation  
Corrosion  
Mechanical stress  
Gasket  Mechanical failure  Corrosion  
Mechanical stress  
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1.6.1.3 Membrane degradation mechanism 
Degradation of membrane in a fuel cell results from mechanical, thermal and chemical 
mechanisms occurring over time under harsh conditions. Mechanical damage includes 
membrane cracks, tears, punctures and pinholes as a result of uneven stress or other 
mechanical factors and this is often the main cause of early failures especially for very thin 
membranes. High temperatures have several advantages for PEMFCs for example, increased 
electrochemical kinetics and decreased susceptibility to contamination. Unfortunately the 
degradation of polymer membrane together with other parts of the cell increases with 
temperature. The chemical degradation leading to ionomer damage and loss in PEM 
functionality results from hydrogen peroxide that is generated through incomplete reduction 
in the oxygen reduction reaction (ORR). Membrane failure could also result from a 
combination of chemical attack, thermal attack and mechanical stresses when the fuel cell is 
subjected to specific extreme conditions. According to numerous experimental results, 
membrane degradation is strongly dependent on operating conditions such as temperature, 
humidity, freeze-thaw cycling, transient operation, and start-up/shut-down. All these working 
conditions can be employed as accelerated stressors in membrane accelerated stress tests 
(ASTs). Accelerated stressors for membrane degradation can be classified as follows [46]: 
 Undesirable temperature 
 Open circuit voltage  
 Load cycling 
Temperature is an important operating condition for polymer exchange membrane fuel cells. 
Experimental results show that material durability is one of the key challenges to overcome in 
order to operate PEM fuel cells at high temperatures. Beuscher et al. [72] noted that progress 
is needed to withstand the aggressive operating conditions of higher temperatures and/or 
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lower humidities, as well as longer lifetimes demanded of PEMFC applications. Relative 
humidity may have complex effects on component durability since both flooding and 
dehydration are well known factors in PEMFC performance loss. First, inadequate 
humidification is detrimental to the membrane, as lack of water makes the membrane brittle 
and fragile. At the same time higher chemical degradation of the ionomer membrane will 
occur under conditions continuous low humidity [47]. 
Open circuit voltage (OCV) without electric loading has been observed to enhance MEA 
degradation, especially for membrane materials with reactant gases. Peroxide radicals, which 
can lead to chemical decomposition of the membrane, are considered the main cause of this 
kind of degradation. 
 
Fig.1.9. Free radical formation on the surface of Pt during the decomposition of H2O2[64]. 
Once generated, hydrogen peroxide can be readily homolysed into peroxide radicals, which 
are capable of breaking polymer constituent bonds. Liu and Crum [73] reported that the 
membrane suffered homogeneous degradation at OCV potential, resulting in massive 
ionomer loss and uniform thinning of the membrane throughout the active area. Inadequate 
water content and high temperature can also accelerate membrane thinning and pinhole 
formation, and lead to severe performance degradation under OCV due to more serious 
reactant gas crossover [48]. 
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1.7 Carbon corrosion accelerated stress test  
Carbon is an excellent material for supporting electrocatalysts, allowing mass transport of 
reactants and fuel cell reaction products, and providing good electrical conductivity and 
stability under normal conditions. Carbon corrosion weakens the attachment of Pt particles to 
the carbon surface and eventually lead to structural delamination and detachment of Pt 
particles from the carbon support which result in severe Pt agglomeration and performance 
degradation during long term operation [49]. 
1.7.1. Accelerated stressors for Carbon support degradation 
The following are the accelerated stressors for carbon support: 
 Fuel starvation 
 Start-up/shut-down cycling 
 Cold start-up at subzero temperature 
 Potential control 
The carbon corrosion reaction takes place at the electrode as a result of gross fuel starvation 
should be the direct cause of electrocatalyst‘s degradation. When the fuel is insufficient to 
provide the expected current for the PEM fuel cell, the potential value of the anode continues 
to increase. With fuel starvation, the cell potential will decrease to a value below normal and 
even drive the cell into reverse operation, with the anode potential higher than the cathode 
potential. Non-uniform distribution of fuel to the anode and the crossover of reactant gas 
through the membrane can cause carbon corrosion, in the start-up/shut-down cycling [50]. 
Cold start-up at subzero temperatures is another factor related to membrane PEMFC 
degradation induced by carbon corrosion.  
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The rate of carbon corrosion reaction is highly dependent on potential. During normal fuel 
cell operation the highest potential the cathode encounters will be the OCV, which is 
approximately 1.0 V. Exposure time and high potentials indirectly influence carbon oxidation 
because they led to the formation of platinum layers. 
Carbon corrosion has been identified as a crucial degradation mechanism, especially in 
automotive applications. Factors such as temperature, potential cycling and humidity can 
affect carbon corrosion. Potential control is the most widely used technique for exploration of 
carbon support degradation  since carbon durability is more sensitive to high potential than to 
other conditions [51]. 
1.8 Catalyst degradation mechanism 
Degradation of catalyst layers (CLs) during long term operation is said to include cracking or 
delamination of the layer, catalyst ripening, catalyst particle migration, catalyst washout, 
electrolyte dissolution and carbon coarsening. All of these effects, which result either from 
change in the catalyst microstructure or loss of electronic or ionic contact with the active 
surface, can result in apparent activity loss in the catalyst layer. The electrochemical surface 
area of Pt is one of the most important parameters for characterizing the catalytic activity of 
PEM fuel cell. The widely used methods to determine electrochemical surface area (ECSA) 
of Pt include cyclic voltammetry (CV), CO stripping voltammetry and CO gas phase 
chermisorption [52]. 
1.8.1 Platinum agglomeration and migration 
Nanoparticles have inherent tendency to agglomerate into bigger particles due to their 
specific surface energy. Pt nanoparticle agglomeration is accelerated under harsh operating 
conditions, which may result in a drop in the number of active sites and hence a decreased 
electrochemical surface area and this will lead to performance deterioration in PEM fuel 
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cells. When degraded MEAs were analyzed using transmission electron microscopy (TEM) 
and it was observed that changes in Pt particle structure occurred, according to the two 
processes : 1) small Pt particle dissolve in the ionomer phase and redeposit on larger Pt 
particles that are separated from each other by a few nanometers, forming a well-dispersed 
catalyst : 2) dissolved Pt species diffuse in the ionomer phase and subsequently precipitate in 
the ionomer phase of the electrode or in the membrane, this occurs through the reduction of 
the Pt ions by hydrogen that has crossed over from the anode and this is called the 
micrometer scale diffusion process[53]. 
Besides the increased Pt nanoparticle size, migration of Pt catalytic metals either inside the 
membrane or at the electrode/membrane interface also results in decreased ECSA and that 
leading to PEMFC performance degradation. `Rong et al. [74] found that frequent start-
up/shut-down of a fuel cell led to an earlier onset of delamination between the Nafion
®
 and 
the Pt/C agglomerate, which can undoubtedly limit the catalyst activity because of inferior 
proton transport at the interface. 
Accelerated stressors for Pt catalyst degradation can be classified as follows:  
 Undesirable temperature and relative humidity 
 Potential control 
 Load cycling 
 Contamination 
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Figure 1.10 Schematic representing Pt agglomeration on carbon support and detachment from support 
material surface [54]. 
Borup et al. [75] concluded from his experimental study that the rate of Pt growth increased 
with increasing temperature. For high temperature PEM fuel cells using H3PO4 -doped poly-
benzimidazole (PBI)-based MEAs, the degradation rate is also found to increase with 
increasing temperature. As the operating temperature is increased both the membrane and 
kinetic charge transfer resistances increased dramatically, mostly due to membrane and 
catalyst layer degradation. 
It is shown from literature that the most frequently employed AST stressors for exploring 
MEA durability in PEM fuel cell is potential control. If the potential is lower than 
approximately 0.9 V, the influence is said to be caused by Pt catalyst degradation; otherwise 
the carbon support corrosion increases. Dam and de Bruijn‘s [76] experimental results 
showed that the Pt dissolution rate increased as the potential increased. The most serious 
migration of Pt occurs at the cathode side of the MEA after cycling to OCV or higher 
voltages. The Pt migration profile across the catalyst/membrane interface and Pt band 
position in the polymer membrane are thought to be dependent on potential control during 
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cycling, number of cycles accumulated; cell operating temperature and relative humidity. The 
migrated platinum particles during potential control are considered to be generated by the 
reduction of diffused platinum ionic species by hydrogen that has permeated through the 
polymer electrolyte membrane from the anode compartment [55]: 
 H2 + Pt
2+
 → 2H+ + Pt 
In PEMFC one of the most likely causes of severe degradation is contamination of the 
electrocatalyst or membrane. The contamination can be from the fuel or air side. For both 
anode and cathode catalyst layers the problem is the catalyst site poisoning and decreased 
catalyst activity, because even trace amounts of impurities in the reactant gas are likely to 
reduce fuel cell performance due to kinetic losses, especially in the long term operation. 
Sulphur containing species such as SO2 are also contaminants that can create irreversible 
effects in the MEA and have a strong negative impact on cell performance. However for 
some other kind of contaminants in the feeding gas such as NO2, the negative influence on 
the fuel cell is reversible when the contaminating gas is switched to pure reactant gas after 
poisoning. One of the major contaminants can be CO, which is contained in reformate fuel. A 
small amount of CO has an unacceptable negative effect on performance of a PEMFC. With 
only 10ppm CO in the fuel stream, a loss in performance can be observed especially at low 
temperature operation [56]. 
1.9. CO Tolerant PEM Fuel Cell 
1.9.1 CO Poisoning problem in reformate fuelled PEM Fuel cell 
Polymer electrolyte membrane fuel cells (PEMFCs) perform best on pure hydrogen but for 
many applications, especially the mobile application pure hydrogen is not yet available due to 
lack of practical storage techniques. Generation of hydrogen by steam reforming of various 
organic fuels (methanol, natural gas, gasoline and other sources) is an obvious choice. The 
 
 
 
 
Literature Review 
 
30 
 
reformate gases contain, besides hydrogen and carbon dioxide, carbon monoxide (CO) up to 
3% or even more. The CO content in the reformate gas needs to be minimised using further 
purification techniques such as water gas shift reactions to provide hydrogen containing 10-
20 ppm CO. These traces of CO have an unacceptable negative effect on performance of the 
cell. Thus in this study CO tolerance in high temperature PEMFC is investigated when 
hydrogen containing various levels of CO is used as anode gas feed. CO needs to be cleaned 
from the fuel processor during generation of hydrogen by steam reforming, because it is a 
severe poison for the anode catalyst of the fuel cell. At high temperatures, it is reported that 
the CO poisoning effect is reduced because it is very temperature dependent and is less 
pronounced with increasing temperature [57]. 
1.9.2 Electrochemistry of Carbon monoxide and Hydrogen 
PEMFC performance degrades when carbon monoxide (CO) is present in the fuel gas and 
this is referred to as CO poisoning.  
Adsorption of CO on Pt is known to be associated with negative entropy, indicating that 
adsorption is strongly favoured at low temperature and disfavoured at high temperatures. 
Oxidation of hydrogen on anodic platinum catalyst is known to take place in two different 
steps that is dissociative chemisorption and electrochemical oxidation. The dissociative 
chemisorption of hydrogen molecule requires two free adjacent sites of platinum surface 
atoms. On the other hand, the electrochemical oxidations of the chemically adsorbed 
hydrogen atoms produce two free platinum sites, two hydrogen ions and two electrons. Hence 
the increased tolerance to CO is related to the thermodynamics of adsorption of CO and H2 
on Pt [58].  
The operation of low temperature proton electrolyte membrane fuel cell requires CO 
concentrations as low as 5-8ppm otherwise the CO will poison the electrodes catalyst and a 
significant loss in fuel cell performance is observed. However hydrogen adsorption is less 
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exothermic than CO on Pt and H2 adsorption on Pt requires two adsorption sites at higher 
temperatures increasing the temperature of fuel cells may lead to a shift towards higher H2 
coverage at the expense of CO coverage. In this study the CO tolerance is investigated by 
evaluating the performance of the MEAs through polarization studies, including using pure 
H2 and H2 containing various concentrations of CO at various operating temperatures [59].  
1.9.3 The mechanism of hydrogen oxidation in H2/CO on platinum 
The mechanism of hydrogen oxidation in H2/CO reformates gas on platinum is given by the 
following reactions in sequence [60]: 
CO + Pt → Pt—COads       1.13 
Pt + H2O ↔ Pt—OHads + H
+
 + e
−
     1.14 
Pt—COads + Pt—OHads → CO2 + H
+
 2Pt + e
−
   1.15 
2Pt + H2 → 2Pt—2Hads      1.16 
2Pt—2Hads → 2Pt + 2H
+
 + e
−
      1.17 
The hydrogen oxidation reaction occurs on the free sites liberated during the time between 
the oxidative removal of CO illustrated in, Eq. 1.15 and CO re-adsorption from solution as 
shown in Eq. 1.13. It is said that at low potentials of < ~0.6V, the rate constant of CO re-
adsorption is much higher than the rate constant for COads oxidation and only a small number 
of platinum sites could be liberated for H2 oxidation. The hydrogen oxidation reaction 
reaches a maximum at the same potential where COads is oxidized by Pt—OH. Thus it is 
necessary to provide a supply of OH species to be attached on the platinum atoms covered by 
COads by some other metal which does not adsorb CO. This type of catalyst is known as a bi-
functional catalyst. A schematic representation of such catalyst is illustrated in Figure 1.11. 
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Figure 1.11 Schematic representation of bi-functional catalyst [61]. 
As the alloying metal (M) should provide OH for the reaction with COads 
Pt—COads + OH—M → Pt + M + CO2 + H
+
 e
−
   1.18 
it is necessary to find such metal which can provide OH at low potential. In this study Pt-
based bimetallic alloy were studied as anode catalysts for CO tolerance. 
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1.10 Objectives 
The main objective of this research is to study the durability of high temperature membrane 
electrode assemblies (MEAs), and the possibility to minimize the degradation by introducing 
binary catalysts as CO tolerant catalysts.  
Investigating the hypothesis the following sub-objectives will be addressed: 
 Investigating the membrane electrode assemblies by evaluating its performance 
through polarization studies, including using pure H2 and H2 containing various 
concentrations of CO as fuel to study the performance of the MEAs at various 
operating temperatures. 
 Screening the durability of the MEAs by carrying out long-term studies with a fixed 
load, temperature cycling and OCV degradation. 
 The in-house MEAs with Pt-based binary catalysts such as Pt-Co, Pt-Fe, Pt-Cu and 
Pt-Ni will be studied for the performance, CO tolerance and durability and compare to 
the commercial MEA‘s. 
 Before and after long term performance tests the MEAs will be characterized using 
Scanning electron microscopy (SEM) in order to investigate the effects of long term 
testing on the MEA. 
1.11 EXPERIMENTAL TASKS 
Based on the literature review and evaluation of the performance of the membrane electrode 
assembly for durability studies, the following experimental tasks were approached in the 
study: 
 Evaluation of commercial and in-house membrane electrode assemblies was done 
using polarization studies. 
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 Accelerated testing methods were applied on the MEA‘s. 
 Characterization of the MEA using scanning electron microscopy (SEM) for 
identification of delamination. 
 
1.12 INVESTIGATION OUTLINE 
Chapter 2: Methodology 
 This chapter starts by discussing the polarization curves technique which is the 
technique used to evaluate the performance of fuel cell including the change of 
membrane resistance in the degradation study. Evaluation of the durability of 
commercial membrane electrode assembly at various operating temperatures 
and with CO concentrations of up to 1000ppm will be investigated. All the 
characterization techniques employed in the study, sample preparations and 
experimental parameters used are discussed in detail in this chapter. 
Chapter 3: Results and discussion: The discussion on the results obtained through the 
polarization technique and microstructural characterization techniques are 
presented in this section. 
 Chapter 4 gives an insight into the durability of commercial and in-house 
MEAs used in the study. Comparison of performance between the commercial 
and in-house MEAs is done. CO tolerant catalysts have been studied and are 
compared to the pure platinum catalyst. 
Chapter 4: Conclusions and recommendations: The study is concluded with a concise 
discussion of the objectives achieved pertaining to the study of the durability 
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studies of the membrane electrode assemblies (MEAs) for high temperature 
PEMFC.  
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CHAPTER 2: METHODOLOGY
Chapter 2 is dedicated to designing the experimental approach to the characterization of 
membrane electrode assemblies (MEAs) by polarization curves. Post-characterization of 
tested MEAs will also be accomplished by scanning electron microscopy (SEM). The 
materials used in the characterization of MEAs are listed in the table below. 
 
Table 2.1Materials used for characterization of MEA‘s. 
 
 
Table 2.2: Chemicals used for preparation of GDL 
Teflon Emulsion solution TFE 30 Electrochem, Inc 
Isopropanol Alfa-Aesar 
Platinum on 40% carbon Alfa-Aesar 
Carbon paper Electrochem, Inc 
 
List of equipment used: 
 Cell compression unit (Pragma industries) 
 In-house test stand with reformate gas supply (HySA/SAIAMC) 
 25cm2 single cell with serpentine flow field plates 
 ZS Electronic load (Hocherl&Hackl) 
 Ultrasonic bath (Integral systems) 
Materials and Chemicals Supplier 
ABPBI membrane Fumatech 
Pt/C based in-house MEAs HySA/SAIAMC 
Pt-alloy based anode MEAs HySA/SAIAMC 
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 Airgun 
2.1 Catalyst layer preparation 
Commercial 40 wt.%Pt catalyst supported on carbon black was used for the cathode and 
anode catalyst for the Pt/C based in-house MEA‘s. To prepare the catalyst ink, a suspension 
was formed with the required amount of Pt/C catalyst, Nafion, ultrapure water and 
isopropanol as the solvent. The mixture was then dispersed by sonicating in an ultrasonic 
bath for 2 hrs to form an ink before being used. The catalyst ink was then spray coated onto 
both sides of the membrane using airgun. Pt loading used was 0.4 mg/cm
2
.  
2.2 GDL preparation 
 A Pt/C, isopropanol and 20% PTFE were mixed to make slurry. This slurry was then 
dispersed in an ultrasonic bath for 2hrs and stirred further for 2hrs. The ink was then spray 
coated on the gas diffusion layer to obtain the required loading and the membrane was 
sandwiched between the electrodes to form the MEA. ABPBI membrane, supplied by 
Fumatech is treated with H3PO4 at 180
o
C for 12hrs. 
 
 
Figure 2.1 A 25cm
2
 active area membrane electrode assembly 
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2.3 Polarization curves 
The most common indicator for fuel cell performance is the polarization (or current-voltage) 
curve. An in-house built test station was used for the experiments. There are basically two 
data collection modes in obtaining the polarization curve. One is to adjust the current and 
record the cell voltage, while the other is to adjust the cell voltage then record the current. 
The latter is the one used in this study for the fuel cell performance data collection. The MEA 
power density (cell voltage x current density) can be plotted as a function of current density. 
From the power density curve, the maximum power density of the fuel cell can be known 
[62]. 
The cell performance (polarization curve) strongly depends on operating conditions such as 
temperature, pressure, gas flow rates and other operating conditions. Normally the 
performance increases with increasing temperature, pressure and gas flow rate. 
A Lab View control program was used to control the test bench, including the load and the 
feed gas composition. 
 
2.4 Electrochemical characterization of MEAs 
2.4.1 Evaluation of MEAs in a single cell 
MEAs were placed in a single cell (25cm
2
 active area) with a serpentine flow field. Pure 
hydrogen and Air was fed to the anode and cathode, respectively at flow rates of 0.5 l/min 
(hydrogen) and 1.00 l/min (air). The temperature in the heating tubes was controlled by 
temperature controllers. 
An electric load connected to a computer was used to evaluate the cells. The MEAs were 
activated until stable performance was observed with pure hydrogen and air flowing through 
the cell at 160
o
C as operating temperature. 
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The MEAs were activated by first purging the cell with Nitrogen (N2) gas up to the 
temperature of 160
o
C, and then H2 and air were fed when the temperature was reached. 
Constant flow rates of 0.5 slpm and 1 slpm for H2 and air respectively were used in all the 
experiments.  
The operation of the fuel cell in this study was performed under dry conditions; this means 
that the gases were not humidified. During dry conditions, the hydrogen and air was 
controlled by a mass flow controller, and supplied through the heating tubes to the cell.  
 
2.5 Structural characterization of MEAs by Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is an imaging technique that is capable of producing a 
three dimensional profiles of material surfaces. SEM is used in this study to characterize the 
morphology of the MEA sample. The sample‘s surface is investigated by scanning it with a 
high-energy beam of electrons. The electrons emitted from an electron gun in the microscope 
hit the sample under investigation and produce signals that contain information about the 
object‘s surface topography and composition. The SEM is able to produce very high-
resolution images of the sample‘s surface. The high-resolution achievable with the SEM and 
a large depth of field provided make the instrument become useful to examine the effect of 
different processing techniques on material morphology [63]; MEA layers in particular. In 
this work, the SEM was used to compare and investigate the microstructure of fresh and 
degraded MEA‘s. Samples were fitted into the vacuum chamber of the microscope (Hitachi 
X-650 SEM) using GENESIS software. SEM imaging allows observation of general surface 
defects, thickness of each layer, separation between the MEA layers, and presence of metal 
contaminants and relative concentration of elements. The MEA samples were cut into small 
squares and then supported on a conductive carbon tape and mounted on the sample tub. No 
sputter coating was required as all the samples were electron conductive. Samples were fitted 
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into the vacuum chamber of the microscope. Operating parameters for the SEM-EDS analysis 
are given as follows: 
 
Working distance: 15mm 
Accelerating gun filament: Tungsten 
Accelerating voltage: 25 KeV 
Filament current: 75-80 Μa 
 
2.6 Performance and durability assessment 
The most common way to characterize fuel cells is by obtaining polarization curves. The 
polarization curves will be used to evaluate degradation and to compare tests with different 
operating conditions. In order to investigate degradation without having to operate the cell for 
thousands of hours, the tests can be done under accelerated conditions. Polarization curves 
are therefore taken at different stages during the accelerated tests. The following parameters 
are applied in this research for the accelerated test conditions. (1) Elevated temperature, (2) 
Open circuit voltage (OCV) (3) start-up/shut-down cycling (4) cycling conditions such as 
temperature and load (current). 
2.6.1 Open circuit voltage (OCV) 
Open circuit voltage (OCV) without electric loading enhances MEA degradation. Peroxide 
radicals (from hydrogen peroxide), which can lead to chemical decomposition of the 
membrane, are considered the main cause of this kind of degradation. Hydrogen peroxide can 
be generated either through the incomplete reduction of oxygen at the cathode under normal 
operating conditions, or the reaction of hydrogen and oxygen when significant gas crossover 
occurs at the anode catalyst/membrane interface under OCV. Once the hydrogen peroxide 
radicals are formed they are homolysed into peroxide radicals, which are capable of breaking 
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polymer constituent bonds. Liu and Crum reported that the membrane suffered homogeneous 
degradation at OCV potential, resulting in massive ionomer loss and uniform thinning of the 
membrane through the active area [64]. 
2.6.2 Start-up/Shut-down 
Fuel cell is expected to experience multiple start-up and shut-down and this can result to 
carbon corrosion, this carbon corrosion is caused by the non-uniform distribution of fuel to 
the anode. Under conditions of a prolonged shutdown, unless the cell is purged properly, the 
hydrogen crossover from anode to cathode will empty out the anode chamber and result in an 
air-field flow channel. In this case, the starting flow of fuel will induce a transient condition 
in which fuel exists at the inlet but the exit is still fuel-starved. As a result, starting and 
stopping the fuel cell can induce considerable damage to the cell [65]. 
2.6.3 Temperature cycling 
Temperature cycling is done to determine the resistance of the cell to temperature extremes. 
It is performed by exposing the cell to various temperatures from high to low temperature and 
vice versa [66] particularly from 160
o
C to 40
o
C. It is observed that as the cell undergoes 
further cycling between various temperatures the performance decrease. Further investigation 
in this area is necessary to identify the reasons for the significant drop in performance with 
cycling.
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Chapter 3: Results and Discussion 
In this chapter the experimental evaluation for the durability of high temperature MEAs was 
studied. Pt/C based commercial and in-house MEAs were tested for performance at various 
temperatures and long term studies were done using pure hydrogen. Hydrogen containing CO 
concentration was used to investigate the CO tolerance. Pt-alloy based catalysts for anode 
were tested as CO tolerant catalyst on in-house MEA‘s. Gas flow rates of 0.5 slpm (H2) and 
1.00 slpm (Air) were applied for all the tests. 
3.1 Polarization studies 
3.1.1 Performance of the commercial MEA 
Figure 3.1 shows the polarization curve of a commercial MEA at 160
o
C which is the ideal 
operating temperature for the combined heat and power (CHP) application system. When it 
comes to high temperature PEMFC (HT-PEMFC) the potential is for combined heat and 
power (CHP) because at high temperatures the temperature of the heat produced is higher 
which lead to easier heat management and better utilization with smaller heat exchangers. 
The other advantage is that in the reforming process steam is needed thus steam can be 
produced by the heat of the fuel cell as the temperature is high enough [67]. 
From the graph it can be seen that at 0.5 V the cell obtained a current density of 0.52 A/cm
2
 
with the power output of 0.23 W/cm
2
. At the operating temperature of 160
o
C it is where the 
long term durability tests are carried out to evaluate the performance of the cell. 
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Figure 3.1 Polarization graph showing cell voltage and power density versus current 
density for a commercial MEA at 160
o
C (Anode/Cathode flow rate = 0.5slpm 
/1.00slpm respectively). 
From figure 3.1 the three losses in fuel cell are observed from the polarization curve which is 
activation loss, ohmic and mass transport losses. Activation loss is due to slowness of the 
reactions taking place on the surface of the electrodes and the effects of these losses occur at 
low current densities. Figure 3.1 indicates that the activation loss is one of the major 
contributors to the low performance of HTPEMFC MEAs, which can be related to the 
deactivation of the catalyst. Since the Hispec catalyst used in this study is well known for its 
performance in low temperature fuel cells, the deactivation in this case is mainly caused by 
the adsorption of phosphoric acid onto the catalytic sites. 
3.1.2 MEA performance as a function of temperature 
Polarization curves were obtained using phosphoric acid AB-PBI-based MEA‘s at different 
temperatures with non-humidified hydrogen and air as reactant gases and at atmospheric 
pressures as shown in Figure 3.2. It can be seen that the fuel cell performance increases 
significantly as the temperature increases. 
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At the voltage of 0.5 V, the current densities obtained at different temperatures are 0.308 
A/cm
2
 (100
o
C), 0.382 A/cm
2
 (120
o
C), 0.477 A/cm
2
 (140
o
C) and 0.519 A/cm
2
 (160
o
C). 
It can also be observed from Figure 3.2 that the gaps between polarization curves for two 
adjacent temperatures decrease slightly with an increase in temperature. For example at the 
voltage of 0.5V, the current density difference between 120
o
C and 140
o
C is 0.095A/cm
2
, 
while the current density difference between 140
o
C and 160
o
C is 0.042A/cm
2
.The 
performance at 40
o
C is found to be reasonable as this is comparable to the performance in 
low temperature PEMFC. This may indicate that the temperature effect on PBI based fuel cell 
performance is more pronounced at lower temperatures than at higher temperatures. 
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Figure 3.2 Performance of phosphoric acid ABPBI based MEA at various 
temperatures. 
A long term performance testing of commercial MEA is shown in figure 3.3 that was 
operated with pure H2/Air at constant voltage of 0.5V and 160
o
C as operating temperature. 
For the durability evaluation, the cell was operated under steady-state condition at the above 
mentioned parameters. This method is carried out by applying a certain voltage (in this case 
is 0.5 V) and monitoring the drop in the performance of the cell over a period of time. A 
slight increase in performance was observed in the first 200min of the durability test. The 
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reason for the slight improvement might be due to some phosphoric acid leaving the catalyst 
layer leading to the catalytic sites becoming more available for electrochemical reaction. 
Another possibility could be the expansion of the interface for the electrochemical reaction, 
by opening up of the pores in the GDE. After 200 min, a stable performance was noted for 
the duration of the project. 
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Figure 3.3 Long term performance testing of commercial MEA (Vcell = 0.5V, Tcell = 
160
o
C, Anode/Cathode flow rate = 0.5slpm /1.00slpm respectively) 
3.1.3 Investigation of CO tolerance with AB-PBI based PEMFC 
It is said that the presence of small amount of carbon monoxide (CO) impurities in the 
hydrogen-rich gas mixture produced by reforming of hydrocarbon fuels is unavoidable. CO 
strongly adsorbs on the carbon-supported platinum catalyst and in case of LT-PEMFCs as 
small as 10ppm of CO blocks the catalytically active area, thereby significantly decreasing its 
reactivity [68]. In order for HTPEMFC MEAs to be attractive, up to 3% CO tolerance should 
be achieved, which will reduce the CO cleaning step during natural gas reforming. Thus in 
this study various concentrations of CO were tested to investigate the maximum 
concentration that can be tolerated with the HTMEA when a reformate gas is used as anode 
feed gas. The effects of temperature for various concentrations are investigated on the 
current-voltage characteristics of the fuel cell. 
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Fuel cell performance curves with pure hydrogen and hydrogen containing carbon monoxide 
are shown in Figure 3.4 at an operating temperature of 160
o
C. Concentrations of 50 ppm, 100 
ppm, 200 ppm, 500 ppm and 1000 ppm were tested. 
At the cell voltage of 0.5 V, the current density decreases from 0.52 A/cm
2
 for pure H2 to 
0.46 A/cm
2
(decreased by 11.5%) for hydrogen containing 50ppm CO, to 0.44 A/cm
2
 
(decreased by 15%), 0.37 A/cm
2
(28.8% decrease) and 0.28 A/cm
2
(46% decrease) for 
100ppm, 200ppm and 1000ppm respectively. It can be seen that the current-voltage curves 
changes significantly as the concentration of CO is increased in the anode feed. In some of 
the studies reported, CO tolerance of up to 1000 ppm was shown, however it has to be noted 
that the operating conditions in our case is with dry H2/Air and at atmospheric pressures 
which might be the reason for different tolerance levels noted in our studies. 
0.0 0.2 0.4 0.6 0.8
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
 
 
V
o
lt
a
g
e
 (
V
)
Current density (A/cm
2
)
 H
2
 H
2
/50ppm CO
 H
2
/100ppm CO
 H
2
/200ppm CO
 H
2
/500ppm CO
 H
2
/1000ppm CO
 
Figure 3.4 Current-Voltage performance of commercial MEA at 160
o
C with CO 
concentrations indicated in the figure. 
At high temperature of 180
o
C the dissociative chemisorption mechanism of hydrogen 
molecules can occur further on a small fraction of the Pt catalyst surface area free of CO. 
Therefore more hydrogen molecules can be bonded by chemisorption on free Pt surfaces to 
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release more electrons and protons and therefore cell performance is improved as can be seen 
from figure 3.5. 
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Figure 3.5 Current-Voltage performance of commercial MEA at 180
o
C with CO 
concentrations indicated in the figure. 
50ppm and 100ppm CO showed only a slight deviation from the pure hydrogen polarization 
curve at 0.5 V, while a significant loss was observed up to below 0.3 A/cm
2
 for 1000 ppm. 
The performance of the cell dropped from 0.49 A/cm
2
 for hydrogen to 0.46 A/cm
2
 for 
hydrogen containing 50ppm CO, to 0.44 A/cm
2
 for 100 ppm. Other CO concentrations 
dropped to below 0.37 A/cm
2
. This shows that the presence of CO concentrations above 
100ppm poison the catalyst surface significantly. 
3.1.4 Effect of Temperature Cycling on Performance of the Cell 
The graph in figure 3.6 shows the effect of temperature cycling on the cell. Temperature 
cycling is carried out to understand the behaviour of the MEA during dynamic operation and 
to determine the resistance of the cell to temperature extremes. It is performed by exposing 
the cell to various temperatures from high to low temperature and vice versa. It is observed 
that as the cell undergoes further cycling between various temperatures the performance 
decreases significantly. 
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Figure 3.6 Temperature cycling graph of commercial MEA at various operating 
temperatures. 
The graph from figure 3.6 shows that after the first cycle the current density obtained at 
160
o
C was 0.52 A/cm
2
 at the voltage of 0.5 V, then a decrease to 0.48 A/cm
2
 was obtained 
after the second cycle. After 3 cycles at the same temperature, the cell current density 
decreased to 0.19 A/cm
2
.  
This cycling between the temperatures causes a significant loss in the overall performance of 
the cell. This loss in performance might be due to loss of electrochemically active surface 
area (ECSA) caused by the growth of Pt particle size which increased with fuel cell operating 
time, and leaching of the acid might have caused this decrease. Further investigation in this 
area is necessary to identify the reasons for the significant drop in performance with cycling. 
The performance loss due to temperature cycling is calculated as shown in table 3.1. 
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Table3.1 Table showing performance loss of the cell at 160
o
C 
 
 
3.1.5 The morphology of tested and untested MEAs 
Delamination describes an MEA feature whereby the catalyst layer has separated from the 
polymer membrane electrolyte as shown in Fig. 3.7 [69]. SEM characterizations of untested 
and tested MEA after durability test were conducted to investigate the effects of long term 
testing on the MEA. The electrodes (anode and cathode) and the AB-PBI membrane were not 
hot pressed to make the MEA, the electrode and membrane was put together and assembled. 
Since the electrodes and membrane are not hot-pressed, both the fresh and tested MEA show 
a gap between the membrane and electrodes as shown in figure 3.7 (a) and 1(b). The 
thickness of the ABPBI membrane after durability test was 30.07μm, which was thinner than 
its original thickness of 54.4μm and this thinning is known to be due to the attack of the 
membrane by hydroxyl (HO•) and hydrogen peroxide (HO2•) produced by the incomplete 
reduction of oxygen on the cathode side. It is known that the attack of HO• and HO2• radicals 
No. of cycles Performance loss (%) 
At 160oC 
Performance loss (%) 
At 80
o
C 
1 3.5 11.4 
2 29.4 36.9 
3 47.7 44.8 
4 80.8 83.6 
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produced by the incomplete reduction of oxygen on the cathode side is the main factor for the 
oxidative degradation of the PBI membrane [70]. 
Untested ABPBI membrane   Tested ABPBI membrane 
 
 (a) Untested MEA   (b) Tested MEA 
Figure3.7 SEM image of MEA in cross-section (a) before durability testing: (b) after 
durability test 
Figure 3.8 shows the GDL cross-section of untested and tested MEAs respectively. The 
physical changes in GDL are observed and this is due to loss of carbon as it is made of 
carbon based porous material including micro-porous carbon paper or carbon cloth covered 
by a thin micro-porous layer consisting of carbon powder. From the SEM images the untested 
image seems to have much of the carbon bounded on the carbon fibres. While the tested 
shows a loss of this carbon which might have corroded during the durability testing. 
Therefore the results indicate that the performance drop during long term testing is mainly 
due to carbon corrosion in the catalyst and GDL layers. 
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 Carbon observed in untested GDL        No carbon observed in GDL  
 
(a) Untested GDL     (b) Tested GDL 
Figure 3.8 SEM image of gas diffusion layer (GDL) in cross-section (a) before 
durability test and (b) after durability 
3.1.6 Performance of in-house MEAs 
The graph of cell voltage and power density versus current density in figure 3.9 shows the 
performance of a Pt/C catalyst based in-house MEA. When the MEA was tested at 160
o
C a 
current density of 0.39 A/cm
2
 was obtained at 0.5 V with a maximum power output of 0.21 
W/cm
2
. 
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Figure 3.9 Polarization graph showing cell voltage and power density versus current 
density for an in-house MEA at 160
o
C. 
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From figure 3.10 we can see that as the temperature increases the polarization curve shifted 
upward indicating that the cell performs better at higher temperature. It implies that fuel 
oxidation rate is higher, and as a result cell performance improvement is observed at higher 
temperatures. At 180
o
C the current density obtained at 0.5 V is 0.478 A/cm
2
, with 160
o
C and 
140
o
C giving 0.391 A/cm
2
 and 0.304 A/cm
2
 respectively. It is observed that the cell 
temperature has a great impact on the performance of high temperature PEM fuel cell. 
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Figure 3.10 Polarization curves showing the performance of a Pt/C based in-house 
MEA at various temperatures. 
A long term performance testing is shown in figure 3.11 for an in-house ABPBI based MEA 
operated with pure H2/Air at a constant voltage (0.5 V). The performance of the MEA was 
monitored and slight increase in performance was observed in the first 190 min of operation, 
this is likely to be caused by the improved interfacial contact between electrolyte and catalyst 
layers. Then the performance started to decrease gradually from 0.330 to 0.325 A/cm
2
 after 
550 min. This decrease in performance might be due to agglomeration of the cathode and 
anode catalyst during the long term test and another reason could be the leaching of a small 
amount of H3PO4 from the electrolyte. The results indicate that the phosphoric acid content in 
the in-house MEAs is much lesser as compared to the commercial ones. 
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Figure 3.11 Long term performance testing of in-house MEA (Vcell = 0.5V, Tcell = 
160
o
C, Anode/Cathode flow rate = 0.5slpm /1.00slpm respectively) 
3.1.7 Investigation of CO tolerance of in-house MEAs 
Figure 3.12 shows fuel cell performance curves with pure hydrogen and hydrogen containing 
carbon monoxide at 160
o
C for an in-house MEA with Pt/C as catalyst for both anode and 
cathode. At the cell voltage of 0.5 V the current density decreased from 0.39 A/cm
2
 for 
hydrogen to 0.36 A/cm
2
 for hydrogen containing 50ppm CO (decreased by 8%), to 0.32 
A/cm
2
 for 100 ppm CO (decreased by 22%), to 0.30 A/cm
2
 for 200 ppm and 0.26 A/cm
2
 for 
1000 ppm (33%). 
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Figure 3.12 Polarization curves of a PBI-based membrane with pure hydrogen and 
hydrogen containing CO at 160
o
C. The concentrations are indicated in the figure. 
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Figure 3.13 A Pt/C catalyst based in-house MEA with pure hydrogen and hydrogen 
containing CO at 180
o
C. The concentrations are indicated in the figure. 
At 180
o
C as shown in figure 3.13, only a slight decrease in performance was observed. At the 
same voltage a 50 ppm CO caused a decrease in current density from 0.48 A/cm
2
 to 0.45 
(decreased by 6%), a drop to 0.42 A/cm
2
 (13% decrease) and 0.39 A/cm
2
 (19% decrease) for 
200 and 1000 ppm CO was observed. 
It is observed that the decrease in performance at higher temperatures with hydrogen 
containing CO is minimized. This is also shown by the gaps between the polarization curves 
when H2 containing CO is tested at higher temperatures which show a decrease between two 
adjacent CO concentrations, pointing to a certain degree of tolerance at these temperatures. 
However, the tolerance of these MEAs has to be improved quite significantly for use with 
reformates without the need for CO cleaning. 
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3.1.8 Comparison between in-house and commercial MEAs 
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Figure 3.14 Comparison graph of Pt/C based in-house and commercial MEAs at 
160
o
C. 
The graph in figure 3.14 shows the performance between commercial and in-house MEA‘s at 
160
o
C as operating temperature. The performance of in-house MEA was reasonable as 
compared to the commercial one where the performance of the commercial MEA was 0.52 
A/cm
2
 at 0.5 V, while the in-house MEA was 0.39 A/cm
2
 of current density at the same 
voltage. Thus the difference in performance between commercial and in-house depends on 
the catalyst deposition during MEA preparation and the thickness of the GDL used. Spraying 
techniques also play a role on the performance difference between the two MEA‘s. 
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 (a)      (b) 
Figure 3.15 Polarization curves indicating the CO tolerance at 160
o
C when (a) 
commercial and (b) in-house MEAs were tested. 
In a commercial MEA as shown in Figure 3.15, 50 ppm CO in hydrogen resulted in a 
decrease of 12% in current density at the cell voltage of 0.5 V, 100 ppm CO of 16%, 200 ppm 
of 29% and 1000 ppm CO of 46% With the in-house MEA, the current density decreased 
from 0.39 A/cm
2
 for H2 to 0.36 A/cm
2
 (decreased by 8%) for hydrogen containing 50ppm 
CO, to 0.32 A/cm
2
 (decreased by 18%) for 100 ppm CO, to 0.30 A/cm
2 
(decreased by 23%) 
for 200 ppm and to 0.26 A/cm
2
 (decreased by 33%) for 1000  ppm. Therefore, similar drop in 
the performance of the MEAs was noted for both in-house and commercial MEAs with 
increasing CO concentration. 
3.1.9 Pt-alloys based anode catalysts 
In this study four binary Pt alloys (Pt-Co/C, Pt-Cu/C, Pt-Fe/C and Pt-Ni/C) supported on 
carbon was studied for CO tolerance and their durability. 
Pt-Ru is well known to exhibit better performance for the hydrogen oxidation reaction in the 
presence of CO, especially for low temperature fuel cells. In our study other Pt based binary 
catalysts, provided above, which were reported to have better CO tolerance were evaluated 
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for their tolerance and durability. The study of these catalysts is to find out if a reformate gas 
can be used as anode gas feed without any significant loss from the cell.  
I. Pt-Cu/C anode catalyst 
The graph in figure 3.16 shows the performance of a Pt-Cu/C as anode catalyst for the in-
house MEA. The current density obtained at 0.5 V is only 0.268 A/cm
2
 with a maximum 
power density of 0.178 W/cm
2
. 
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Figure 3.16 Polarization showing cell voltage and power density versus current 
density for an in-house MEA at 160
o
C. 
A current density of 0.13 A/cm
2
, 0.268 A/cm
2
 and 0.309 A/cm
2
 was obtained for 140
o
C, 
160
o
C and 180
o
C respectively as shown in figure 3.17 The current density difference 
observed between 140
o
C and 160
o
C and between 160
o
C and 180
o
C is 0.138 A/cm
2
 and 
0.0419 A/cm
2
 respectively and this shows that as the temperature increases the gaps between 
polarization curves for two adjacent temperatures slightly decreases. This is expected as the 
conductivity of the AB-PBI membrane is known to increase significantly up to 160
o
C and 
then to somewhat stabilise. 
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Figure 3.17 Polarization obtained with a PBI-based membrane at different 
temperatures using pure hydrogen as an anode gas feed. 
The long term performance testing of Pt-Cu is shown in figure 3.18, showing a stable 
performance, in fact a slight increase throughout the operation is noted which might be due to 
the phosphoric acid leaving the catalyst layer and more sites access the fuel. 
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Figure 3.18 Long term performance testing of Pt-Cu/C anode catalyst. 
Fuel cell curves with pure hydrogen and hydrogen containing carbon monoxide are shown in 
figure 3.19 for the Pt-Cu/C anode catalyst at a temperature of 160
o
C. At the cell voltage of 
0.5 V the current density decreased by 10 Ma/cm
2
 from 0.27 A/cm
2
 to 0.266 A/cm
2
with 
50ppm, and with 100ppm and 200 ppm a decrease of 17 Ma/cm
2
 and 18 Ma/cm
2
 respectively 
was noted. The results show that the Pt-Cu/C catalysts improve the CO tolerance of the 
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MEAs as compared to Pt/C, where the performance was noted to drop significantly above 50 
ppm. However, CO concentration of 1000 ppm showed a considerable drop in the MEA 
performance, where a loss of 73 Ma/cm
2
 was noted. 
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Figure 3.19 Polarization curves of a PBI-based membrane with pure hydrogen and 
hydrogen containing CO at 160
o
C. The concentrations are indicated in the figure.  
II. Pt-Fe/C anode catalyst 
Figure 3.20 shows the performance of the in-house MEA when Pt-Fe binary catalyst, tested at 
different temperatures. The performance shows that at 140
o
C a current density of 0.19 A/cm
2
 
was obtained at 0.5 V, with 160
o
C and 180
o
C giving 0.28 A/cm
2
 and 0.35 A/cm
2
 which is 
similar to that of the Pt-Cu/C catalyst. 
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Figure 3.20 Polarization obtained with a PBI-based membrane at different 
temperatures using pure hydrogen as an anode gas feed. 
Figure 3.21 shows the effect of CO on performance of the cell at 160
o
C which shows that a 
50 ppm of CO in hydrogen resulted in no loss of performance, where 0.279 A/cm
2
was 
recorded at 0.5V as compared to 0.28 A/cm
2
 with pure hydrogen. With 100 ppm a decrease 
of 0.26 A/cm
2
 was observed, while a maximum CO of 1000 ppm in hydrogen a loss to 0.140 
A/cm
2
 was noted. The results show that although at low CO concentrations the tolerance has 
improved for Pt-Fe/C catalysts, there is still a significant drop in performance with CO 
concentrations above 200 ppm. 
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Figure 3.21 Illustration of the effect of CO on a proton exchange membrane fuel cell 
on Pt-Fe/C anode catalyst MEA. 
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III. Pt-Co/C anode catalyst 
Figure 3.22 shows the performance of Pt-Co/C anode catalyst. This MEA exhibited a current 
density of 0.34 A/cm
2
 at 0.5 V at an operating temperature of 160
o
C. The performance is 
better than that of Pt-Cu/C and Pt-Fe/C. Figure 3.23 shows the performance of this MEA at 
different temperatures, where at 180
o
C a current density of 0.38 A/cm
2
was obtained 0.5 V, 
only an improvement of 44 Ma/cm
2
compared to that of 160
o
C. 
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Figure 3.22 Polarization curve of Pt-Co/C anode catalyst MEA operated on H2 at 
160
o
C 
However between 140
o
C and 160
o
C the current density difference recorded is 150 Ma/cm
2
. 
Thus it can be observed that the gaps between polarization curves for two adjacent 
temperatures decreases slightly with an increase in temperature. Also it can be seen that Pt-
Co/C catalyst gave better performance compared to other Pt-alloy based anode catalyst tested 
in this study. 
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Figure 3.23 Polarization curves of Pt-Co/C anode catalyst MEA operated on H2 at 
various operating temperatures. 
CO concentrations were tested on Pt-Co/C anode catalyst; we can see that at the cell voltage 
of 0.5 V for hydrogen containing 50 ppm, the current density did not show any decrease same 
with 100 and 200 ppm CO. A performance loss of 6% and 9% was observed when 500 and 
1000 ppm of CO was tested. When Pt-Co anode catalyst was tested for CO tolerance at 
160
o
C no significant loss in performance was observed and this indicates that the CO became 
dissociated from platinum reaction sites at this operation temperature which possessed a high 
CO tolerance and provided more catalyst sites for hydrogen. Hence no significant loss due to 
CO was observed with this catalyst than other bimetallic catalysts. 
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Figure 3.24 Polarization curves of a PBI-based membrane with pure hydrogen and 
hydrogen containing CO at 160
o
C. The concentrations are indicated in the figure. 
IV. Pt-Ni/C anode catalyst 
The performance of Pt-Ni/C binary catalyst is shown in figure 3.25, where a current density 
of 0.16 A/cm
2
 was obtained at 0.5 V with a maximum power density of 0.14 W/cm
2
. A 
current density of 0.089A/cm
2
, 0.16 A/cm
2
 and 0.21 A/cm
2
 was obtained for 140
o
C, 160
o
C 
and 180
o
C respectively at 0.5 V as shown in figure 3.26. Pt-Ni/C was found to have the 
lowest activity compared to Pt/C and other Pt-alloy catalysts. 
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Figure 3.25 Polarization showing cell voltage and power density versus current 
density for a Pt-alloy based in-house MEA at 160
o
C. 
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Figure 3.26 Polarization curves of Pt-Ni/C anode catalyst MEA operated on H2 at 
various operating temperatures. 
CO concentrations were tested on Pt-Ni/C anode catalyst; we can see from Figure 3.27 that at 
the cell voltage of 0.5 V for hydrogen containing 50ppm, the current density decreased from 
0.16 A/cm
2
with pure H2 to 0.13 A/cm
2
 (decreased by 19%). Similar performance was 
observed with 100 and 200 ppm. A drop of 25% was obtained with 1000 ppm CO. 
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Figure 3.27 Illustration of the effect of CO on a proton exchange membrane fuel cell 
on Pt-Ni/C anode catalyst MEA. 
The graph in figure 3.28 illustrates the comparison between Pt/C and Pt alloys based catalysts 
for anode. It is observed that the performance of Pt-alloy catalyst were not better than Pt/C, 
with Pt-Co/C showing comparable performance. This is somehow expected as the base 
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metals are not as active as Pt/C for hydrogen oxidation and the introduction of base metals to 
Pt/C would have reduced the available Pt sites for electrochemical oxidation. 
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Figure 3.28 Comparison graph showing performance of Pt/C and Pt-alloy catalysts 
for anode obtained at 160
o
C. 
The graph in figure 3.29 shows durability and stability of Pt/C catalyst and binary catalysts at 
0.5 V and 160
o
C. The binary catalysts are illustrated in the figure. It is observed that Pt/C 
catalyst gave better performance with no significant loss. Among the binary catalyst studied, 
Pt-Co/C and Pt-Cu/C showed good stability, in fact an increase in the performance was noted 
with time. A gradual decrease in the performance is observed for Pt-Fe/C. Among the 
catalysts studied, Pt-Ni/C was found to have the lowest activity but the durability of all the 
catalysts were found to be stable under the testing conditions except for Pt-Fe/C, where a 
drop in the performance was noted. 
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Figure 3.29 Long term performance of in-house Pt/C and binary catalysts 
based MEA‘s. 
From the graph in figure 3.30 Pt-Fe/C showed higher OCV compared to other binary 
catalysts. The OCV degradation tests were carried out after long term durability tests. The 
performance of Pt/C was stable compared to the binary catalysts which showed a decline few 
minutes into operation. Under OCV conditions the membrane is said to suffer homogeneous 
degradation and resulting in massive ionomer loss and thinning of the membrane throughout 
the active area. 
Inaba et al. [77] found that high temperature was the cause of accelerated membrane thinning 
under OCV and this leads to severe performance loss. 
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Figure 3.30 Open circuit voltage (OCV) degradation performance of in-house 
Pt/C and binary catalysts based MEA‘s. 
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Figure 3.31 shows GDL cross-sectional images of Pt-alloy based MEA‘s after the durability 
studies. As noted with commercial MEA, the SEM images of the in-house tested MEAs also 
showed that carbon is almost non-existent on the GDL. It is said that carbon supports degrade 
during the start-up and stopping of the cell and when there are high potentials. At high 
potentials the carbon oxidizes to carbon dioxide. This causes carbon corrosion which 
eventually leads to a decrease in performance. These corrosion mechanisms pertain to carbon 
used as an electrocatalyst support, but the carbon powder in the MPL can also be corroded in 
the environment of an operating fuel cell [71]. 
3.2 Morphology of GDL for binary catalysts MEAs 
 
(a)      (b)  
 
 (c)     (d) 
Figure 3.31 Cross sectional SEM images of GDL for (a) Pt-Co (b) Pt-Cu (c) Pt-Fe 
and (d) Pt-Ni binary catalysts 
Figure 3.32 shows cross sectional image of the catalyst layers for the Pt-alloy anode catalysts. 
For all the binary catalysts some defects in the surface was noted, which might be due to the 
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loss of carbon from the catalyst layers that would have occurred during durability studies. 
From the studies it is clear that a clear drop in the performance of HTPEMFC MEAs occur 
when they are subjected to long-term or accelerated durability studies. Considering the 
operating requirements and dynamics of the fuel cell, it is imperative to improve the 
durability of these MEAs to realise their potential. 
3.3 Morphology of catalyst layers for binary catalysts MEA’s 
 
(a)        (b) 
 
 ©        (d)    
Figure 3.32 SEM image of catalyst cross-section for (a)Pt-Co/C, (b) Pt-Cu/C, (c) Pt-
Ni/C and (d) Pt-Fe/C anode catalysts. 
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Chapter 4: Conclusion and recommendations 
4.1 Conclusions 
The study is focussed on the durability analysis of a commercial MEA. The 
performance/durability of the commercial MEA is then compared to that of an in-house 
developed MEA. Several binary catalysts were used for the in-house MEA, particularly on 
the anode side, hoping to improve the CO tolerance of the MEA‘s.  
The commercial MEA performance was good considering the polarization experiments were 
carried out under dry H2/Air supply and at atmospheric pressures. The MEA also showed 
good long-term stability. However, the CO tolerance was limited to only 50 ppm as further 
increase in the CO concentration found to affect the performance significantly. The most 
important finding is that the major factor contributing to the loss in the performance of 
HTPEM MEAs is the temperature cycling/dynamics in the operating condition of the fuel 
cell. An 80% drop in the performance was noted just after four cycles between 40-160
o
C. The 
reason for the drop could have been the loss of phosphoric acid from the catalyst layer and 
the membrane due to these cycles. SEM results also showed that almost all carbon on the 
GDL layer have oxidised and disappeared during the analysis. Also cracks/potholes were 
noted in the catalyst layer after the long-term studies indicating a loss of carbon. Loss of 
carbon from the catalyst layer will result in the Pt particles agglomerating leading to a loss in 
surface area. Therefore, either the corrosion of carbon should be prevented or an alternative 
support has to be identified to solve the durability issues of AB-PBI based HTPEMFC 
MEA‘s. Also SEM studies indicated a thinning of the membrane, which may be due to the 
attack by HO• and HO2• radicals produced by the incomplete reduction of oxygen on the 
cathode side. Therefore, it has to be understood that the durability of the HTPEMFC MEA is 
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affected by various parameters and all of them should be taken into account while designing a 
suitable HTPEMFC MEA. 
In-house MEAs were prepared and evaluated, including Pt-alloy catalysts as anodes to 
improve the CO tolerance. The in-house Pt/C based MEA, albeit slightly lower, showed 
comparable performance to commercial MEA. The CO tolerances of both in-house and 
commercial MEAs were comparable. The performance and CO tolerance of the binary 
catalyst based MEAs were specific to the catalysts used, with Pt-Co/C showing reasonable 
performance and excellent CO tolerance as compared to the other catalysts. 
4.2 Recommendations 
 Further work should be performed to understand the sudden drop in the performance 
of HTPEMFC MEAs during temperature cycling. 
 Degradations of PEMFC components under various operation conditions must be 
understood, this may require durability investigation of one component at a time, for 
example carbon oxidation or membrane thinning, or platinum agglomeration, 
mechanical stress etc. 
 Novel characterization techniques need to be developed and employed to understand 
which parameter affects the durability the most apart from temperature cycling, is it 
carbon corrosion, membrane thinning or catalyst agglomeration and thereby develop 
suitable methods to prevent them.
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